-against a ~7-fold concentration gradient. HCO 3 -secretion critically depends on the activity of CFTR, a cAMP-dependent anion channel localized in the apical membrane of various epithelia. In the proximal part of pancreatic ducts close to acinar cells HCO 3 -secretion across the apical membrane is largely mediated by SLC26A6 Cl --HCO 3 -exchanger. In distal ducts where the luminal HCO 3 -concentration is already high, most of the HCO 3 -secretion is mediated by HCO 3 -conductance of CFTR. CFTR is the causative gene for cystic fibrosis. Loss of function due to severe mutations in both alleles causes typical cystic fibrosis characterized by dehydrated, thick, and viscous luminal fluid/mucus in the respiratory and gastrointestinal tract, pancreatic duct, and vas deferens. A compound heterozygote of mutations/polymorphisms (causing a mild dysfunction of CFTR) involves a risk of developing CFTR-related diseases such as chronic pancreatitis. In cystic fibrosis and certain cases of chronic pancreatitis, the pancreatic duct epithelium secretes a small amount of fluid with neutral~acidic pH, which causes an obstruction of the duct lumen by a protein plug or viscous mucus.
-rich fluid in the pancreatic juice (2~3 L/day) is secreted by epithelial cells lining the pancreatic duct tree, while digestive enzymes are secreted by acinar cells with a small amount of Cl --rich fluid. Ductal HCO 3 -secretion is not only regulated by gastrointestinal hormones and cholinergic nerves but is also influenced by luminal factors: intraductal pressure, Ca 2+ concentration, pathological activation of protease and bile reflux. The maximum HCO 3 -concentration of the juice under secretin stimulation reaches 140-150 mM. Thus pancreatic duct cells secrete HCO 3 -against a ~7-fold concentration gradient. HCO 3 -secretion critically depends on the activity of CFTR, a cAMP-dependent anion channel localized in the apical membrane of various epithelia. In the proximal part of pancreatic ducts close to acinar cells HCO 3 -secretion across the apical membrane is largely mediated by SLC26A6 Cl --HCO 3 - exchanger. In distal ducts where the luminal HCO 3 -concentration is already high, most of the HCO 3 -secretion is mediated by HCO 3 -conductance of CFTR. CFTR is the causative gene for cystic fibrosis. Loss of function due to severe mutations in both alleles causes typical cystic fibrosis characterized by dehydrated, thick, and viscous luminal fluid/mucus in the respiratory and gastrointestinal tract, pancreatic duct, and vas deferens. A compound heterozygote of mutations/polymorphisms (causing a mild dysfunction of CFTR) involves a risk of developing CFTR-related diseases such as chronic pancreatitis. In cystic fibrosis and certain cases of chronic pancreatitis, the pancreatic duct epithelium secretes a small amount of fluid with neutral~acidic pH, which causes an obstruction of the duct lumen by a protein plug or viscous mucus.
INTRODUCTION
Exocrine glands of the human pancreas produce 2~3 L/day of pancreatic juice, which is an alkaline isotonic fluid that contains various kinds of digestive enzymes and other proteins such as lactoferrin and pancreatic stone protein. Pancreatic acinar cells occupying ~90% of the exocrine glands secrete the digestive enzymes by exocytosis with a small amount of Cl --rich fluid secretion. The large amounts of NaHCO 3 -rich fluid in the pancreatic juice are secreted by epithelial cells lining the small/proximal pancreatic duct, though the duct cells occupy only ~10% of the exocrine glands. Thus the pancreatic duct is not merely a route for delivering digestive enzymes to the duodenal lumen but also secretes NaHCO 3 -rich fluid to effectively flush out the digestive enzymes. In cystic fibrosis and certain cases of chronic pancreatitis, the pancreatic duct epithelium secretes a small amount of fluid with neutral pH (sometimes even acidic), which causes an obstruction of the duct lumen by precipitated proteins or viscous juice. 1, 2) SITE OF BICARBONATE SECRETION IN THE PANCREATIC JUICE Figure 1A shows the schematic architecture of a pancreatic ductal tree. The main pancreatic duct branches into interlobular ducts and then into intralobular ducts that connect to the acinar lumen via intercalated ducts. Centroacinar cells located in the acinar lumen are connected to intercalated duct cells.
3) The centroacinar cells are immunopositive to carbonic anhydrase IV 4) and belong to the duct system. Figure 1B shows immunostaining of cystic fibrosis transmembrane conductance regulator (CFTR) in a guinea-pig pancreas. CFTR is the causative gene for cystic fibrosis.
5) The CFTR protein functions as a cAMP-regulated anion channel in the apical membrane of epithelial cells, 6) and HCO 3 -secretion by the pancreatic duct is totally dependent on CFTR activity. 7) CFTR immunoreactivity has been detected in the apical membrane of centroacinar cells, intralobular ducts, small interlobular ducts in both a guinea-pig pancreas ( Figure 1B ) and a human pancreas. 8) Aquaporin (AQP) 5 is co-localized with CFTR in a human pancreas.
9)
When the exocrine pancreas is stimulated by intravenously-applied secretin (a gastrointestinal hormone), the volume and pH (HCO 3 -concentration) of the pancreatic juice increase 10) As the HCO 3 -concentration of the juice increases, the Cl -concentration of the juice reciprocally decreases, keeping [HCO 3 -] + [Cl -] = constant at ~160 mM. The transepithelial transport of anion and water by the pancreatic duct is osmotically coupled, which suggests that the water permeability of the basolateral and apical membranes of pancreatic duct cells is sufficiently high. 8) Micropuncture studies of in situ pancreas demonstrated that the luminal concentrations of HCO 3 - ([HCO 3 -] L ) increased at the levels of small/proximal pancreatic ducts. 11) Epithelium of the main duct allows exchange of luminal HCO 3 -with Cl -with no net flux of fluid. These findings suggest that epithelial cells lining the small/proximal pancreatic ducts and centroacinar cells are the major sites of HCO 3 -and water secretion in the human pancreas. The presence of centroacinar cells in the acinar lumen may be important in flushing out the protein-rich content which is secreted by acinar cells. Significant differences of HCO 3 --secreting capability have been found among various species. 10) While the maximum HCO 3 -concentration in the pancreatic juice reaches 140-150 mM in humans, guinea-pigs, dogs, etc., the mice and rat pancreas secretes juice containing only ~50 and ~70 mM HCO 3 -, respectively. Although genetically-engineered mice are useful in studying the molecular mechanisms for HCO 3 -secretion, care must be taken in interpreting the physiological significance of the data. For this reason, guinea-pigs have been preferentially used in some laboratories including ours.
STUDIES OF BICARBONATE SECRETION USING ISOLATED PANCREATIC DUCT
In vivo data suggest that the pancreatic duct cells of humans and guinea-pigs are able to secrete isotonic fluid containing very high concentrations of HCO 3 -when the intracellular cAMP-pathway is activated. To confirm this prediction and to study the cellular and molecular mechanisms of vectorial HCO 3 -transport, intralobular and interlobular pancreatic duct segments have been isolated and used for experiments. 12) Figure 2A shows interlobular duct segments (diameter: ~100 μm) isolated from a guinea-pig pancreas. The isolated pancreatic duct retains cAMP-regulated vectorial HCO 3 -transport 7, 13) and provides useful experimental models for studying cellular mechanisms of HCO 3 -secretion by native polarized epithelia (Fig. 2D ). Fluxes of ions mediated by channels, transporters, and pumps depend on intra-and extracellular concentrations of the transported ions and membrane potential as well as the activity and density of the transporters. To study the mechanisms for HCO 3 -transport across the apical and basolateral membranes, the duct lumen can be "microperfused" to modify [HCO 3 -] L (Fig. 2B ). Fluorescent indicators of intracellular pH, Cl -, Ca 2+ , Na + and microelectrodes can be applied to the isolated pancreatic duct.
When isolated segments of interlobular ducts are cultured for a few hours~overnight, both ends of the ducts seal spontaneously, thus isolating the lumen from the bath (Fig. 3B) . The rate of fluid secretion into the lumen can be estimated from the swelling rate of the lumen and expressed per unit area of epithelium. When the sealed ducts were superfused with the standard HCO 3 --buffered solution at 37 o C, a bath application of secretin increased the rate of fluid secretion in a concentration-dependent manner 14) (Fig. 3B) . The isolated ducts from guinea-pig pancreas responded to physiological concentrations (1-10 μM) of secretin. That response was critically dependent on the temperature of the bathing solution. To examine the changes in the luminal pH/ [HCO 3 -] L associated with fluid secretion, BCECF-dextran (a membrane-impermeable pH indicator) can be applied to the lumen using the "micropuncture" technique 15) (Fig. 2C) . The accumulated fluid in the lumen is discarded and the luminal space is filled with an experimental solution of a known ion composition containing BCECF-dextran. Figure 3A shows the concurrent changes in luminal pH and the fluid secretory rate in the ducts of which the lumen was filled with the high-HCO 3 -(125 mM HCO 3 --24 mM Cl -, pH ~8.2) solution. Under the basal condition, luminal pH slowly decreased, which was presumably accompanied by a Cl --rich fluid secretion. Upon stimulation with forskolin (a stimulator of adenylate cyclase), luminal pH started to rise and the fluid secretory rate increased by ~70%. This confirms that pancreatic duct epithelium secretes HCO 3 --rich fluid when stimulated by cAMP. For details of our methods, please refer to our recent article in THE PANCREAPEDIA http:// www.lib.umich.edu/spo/panc/. 16) 
CELLULAR MECHANISMS OF BICARBONATE SECRETION BY PANCREATIC DUCT
Previous studies by whole-cell and single-channel recordings of isolated single pancreatic duct cells revealed the presence of CFTR anion channel 17) and maxi-K + channel. 18) Measurements of the transepithelial and intracellular potential of microperfused pancreatic ducts have revealed the presence of cAMP-activated Cl -channel, Cl --HCO 3 -exchanger in the apical membrane 19) and Na -secretion by pancreatic duct cells 10) is based on these findings as well as on the abundant expression of carbonic anhydrase 21) and the low HCO 3 -permeability of CFTR.
22)
The combination of H + extrusion via Na + -H + exchange across the basolateral membrane and the hydration of CO 2 in the cells results in the accumulation of HCO 3 -in the cells. The intracellular HCO 3 -is secreted into the lumen in exchange for luminal Cl -, and CFTR recycles intracellular Cl -into the lumen. When the Cl -recycling is accelerated by the activation of CFTR by cAMP, the apical Cl --HCO 3 -exchanger operates faster and HCO 3 -secretion increases. To re-examine the cellular mechanisms for HCO 3 -secretion by pancreatic duct epithelium, we have measured intracellular pH/HCO 3
, 24) and membrane potential (V m ) 25) in guinea-pig interlobular pancreatic ducts, the lumen of which was microperfused with either high-Cl - ( ] i were estimated to be ~30 and ~20 mM, and V m was estimated to be ~-58 mV in the unstimulated condition ( To check whether the HCO 3 -permeability (P HCO3 ) of the apical membrane is large enough to mediate the observed HCO 3 -secretion, we have measured the voltage-driven fluxes of HCO 3 -through conductive pathways in the apical membrane (Fig. 6 ).
27) The conductive HCO 3 -flux was largely dependent on CFTR activity (Fig. 6D) , and the estimated value of P HCO3 (~0.1 μm s -1 , Fig. 6C ) is close to the value required for the observed rates of HCO 3 -secretion (~0.5 nmol sec
). 25) This is the first study to estimate absolute HCO 3 -permeability in native epithelium. 6 Estimation of the HCO 3 -permeability of the apical membrane. (a) The lumen was microperfused, and cells were loaded with BCECF, pH-sensitive dye. A small region of the duct epithelium was selected for measurements of intracellular pH (pH i ). (b) Since the pancreatic duct is a leaky epithelium (transepithelial potential is small), the potential difference of the apical membrane (V a ) could be manipulated by changing the bath K + concentration. HCO 3 -flux across the basolateral membrane was inhibited by the anion transport inhibitor, H 2 DIDS (dihydro-4,4'-diisothiocyanatostilbene-2,2'-disulphonic acid). Voltage-driven fluxes of HCO 3 -across the apical membrane were detected as changes in pH i . (c) Changes in pH i resulting from changes in V a . Theoretical curves based on 3 alternative apical HCO 3 -permeability values were superimposed on averaged data (mean ± SEM). (d) HCO 3 -fluxes across the apical membrane were abolished in pancreatic ducts isolated from a cystic fibrosis mouse model (∆F mouse) lacking in CFTR activity. Adapted from reference 27. phosphorylation of those kinases, which (1) increased the relative permeability of HCO 3 -over Cl -of CFTR anion channel and (2) inhibited the activity of Cl --HCO 3 -exchanger in the apical membrane. These modulations would assist in the fluid secretion of >140 mM HCO 3 -concentration by the pancreatic duct system. 31) Aquaporin (AQP) water channels are included in the pancreatic duct model (Fig. 5) . The osmotic water permeability (P f ) of isolated pancreatic duct epithelium from rat was estimated to be 160-230 μm sec -1 , 37) and its value was comparable with the values of the distal airway and bile duct. AQP5 is thought to be a major AQP in the apical membrane of secretory epithelia such as the salivary gland. In Aqp5-/-mice, the rate of salivary flow was decreased, the saliva was hypertonic, 38) and the fluid secretion by tracheal submucosal glands was reduced. 39) In the human pancreas AQP5 is localized in the apical membrane of intercalated ducts. 9) AQP1 (an ubiquitous type of AQP) is localized in both the basolateral and apical membranes of the rat 37) and the human 9) pancreatic duct. AQP1 immunoreactivity was also found in the caveolae and intracellular vesicles. 40) REGULATION OF BICARBONATE SECRETION BY PANCREATIC DUCT CELLS Food intake activates both the acinar and duct cells of the pancreas to stimulate enzyme and fluid secretion, which is mediated by various gastrointestinal hormones and cholinergic nerves. Secretin, vasoactive intestinal peptide (VIP), bombesin, and acetylcholine stimulate HCO 3 -and fluid secretion by isolated pancreatic ducts, while 5-hydroxytryptamine (5-HT, serotonin), substance P (SP), arginine vasopressin (AVP), and ATP (when applied to the basolateral side) inhibit secretion. 41) SP and ATP probably function as neurotransmitters. SP is contained in the capsaicin-sensitive nerve endings of sensory neurons in the pancreas, and its local release induces neurogenic inflammation during pancreatitis. 42) The potent inhibitory effects of SP on fluid and HCO 3 -secretion by pancreatic duct cells 43) may reduce intraductal pressure, and thus may be advantageous for the conservation of pancreatic tissue during the course of acute painful pancreatitis. AVP inhibits pancreatic fluid secretion by directly acting on pancreatic duct cells as well as by inducing vasoconstriction of the pancreatic artery. 44) When fluid intake is restricted or fluid loss is increased, pancreatic fluid secretion may be inhibited via the elevation of plasma osmolality and the subsequent release of AVP. 45) The long-term or slow regulation of HCO 3 -and fluid secretion by pancreatic duct cells is probably governed by such neurohormonal control and is mediated by receptors localized in the basolateral membranes. However, the ion composition and pH of the luminal fluid as well as intraductal pressure should be precisely and quickly controlled to avoid mechanical injury to the pancreatic duct, the autoactivation of trypsin, and the precipitation of pancreatic stone protein and CaCO 3 in the lumen. Activation of Ca 2+ -sensing receptor in the apical membrane enhanced HCO 3 -secretion, which involved the elevation of intracellular Ca 2+ concentration. 46) 7 ) have been found in the pancreatic duct. 47) ATP or UTP injected into the lumen of isolated pancreatic ducts enhanced HCO 3 -and fluid secretion. 48) Those nucleotides are probably released from acinar cells together with the exocytotic release of digestive enzymes, and they activate HCO 3 -and fluid secretion by the pancreatic duct to effectively flush out the enzymes. 5-hydroxytryptamine (5-HT, serotonin)-immunoreactive cells with the morphological characteristics of enterochromaffin cells (EC cells) were found scattered in the pancreatic duct epithelium (Fig. 7D) . 49) These cells may sense the elevation of intraductal pressure (as EC cells do in the intestine), and the released 5-HT may inhibit fluid secretion by pancreatic duct ( Figure 7C ). In fact, basolateral application of 5-HT at relatively low concentrations (IC 50 : ~30 nM) inhibited fluid secretion strongly (by ~75%) by isolated pancreatic ducts (Fig. 7A) . A small elevation (+ 3 cm H 2 O) of pressure reversibly reduced pancreatic fluid secretion in vivo (anesthetized guinea-pig), and the effect was attenuated by intravenous granisetron, a 5-HT 3 receptor antagonist (Fig. 7B) . The intraductal pressure of the human pancreas increases after feeding by as much as ~20 cm of H 2 O. 50) That pressure is elevated in some patients with chronic pancreatitis. Thus 5-HT may regulate pancreatic fluid secretion under physiological and pathological conditions.
The volume and anion composition of the pancreatic juice (secretory function of pancreatic ductal epithelium) during the course of human acute pancreatitis is not well understood. In experimental acute pancreatitis in rats (edematous pancreatitis by repetitive subcutaneous injections of cerulein and hemorrhagic pancreatitis by retrograde injections of sodium taurocholate into the pancreatic duct), pancreatic fluid secretion was greatly increased by 4-6 times of the control, and the secreted fluid was relatively Cl --rich. 51, 52) An inhibition of pancreatic exocrine secretion (and so a reduction of intraductal pressure) has been generally considered to be a clinical principle in the treatment of acute pancreatitis. However, stimulation of HCO 3 --rich fluid secretion could flush out luminal noxious agents such as bile acids, and prevent the intraductal activation of trypsin, thus affording protection against pancreatitis. It is now recognized that the direct effects of bile and protease on pancreatic duct cells may be involved in the changes in pancreatic fluid secretion during the course of acute pancreatitis. The application of low concentrations (0.1 mM) of bile acids (chenodeoxycholate) into the lumen of isolated guinea-pig pancreatic duct stimulated HCO 3 -secretion, while a higher dose (1 mM) inhibited it. 53) The increase of HCO 3 -secretion was mediated by the activation of large-conductance Ca 2+ -activated K + channels in the apical membrane. 54) Protease-activated receptor 2 (PAR2) is a member of the PAR family of G protein-coupled receptors that are activated by proteolytic cleavage within their extracellular N terminus. PAR2 is a receptor for trypsin and mast cell tryptase and is ubiquitously expressed in human tissues. In the pancreas, PAR2 is expressed in acinar cells, 55) duct cells, 56) satellite cells, 57) nerve endings, 58) and endothelial cells. PAR2 is thought to mediate a variety of biological responses (inflammation, enzyme secretion, ion transport, fibrosis, pain) associated with pancreatitis. Although PAR2 is a potential target for the therapy of acute pancreatitis, experimental data are confusing, e.g, in PAR2 -/-mice, experimental pancreatitis induced by supramaximal cerulein stimulation was more severe, 59) whereas another model of experimental pancreatitis by retrograde injection of bile salts into the pancreatic duct was more mild. 60) Applications of PAR2 agonist induced systemic vasodilation (and a decrease in blood pressure), while exerting local protection in experimental pancreatitis (supramaximal cerulein stimulation) in rats. 61) In human and rat pancreatic duct cells, basolateral (but not luminal) applications of trypsin or PAR2 agonist induced intracellular Ca 2+ mobilization and HCO 3 -secretion. 56, 61) However, a recent study using guinea-pig pancreatic duct cells revealed that luminal applications of trypsin inhibit HCO 3 -secretion.
62) ETHANOL AUGMENTS FLUID SECRETION BY PANCREATIC DUCT
Ethanol abuse is the leading cause of acute and chronic pancreatitis. To investigate how ethanol induces pancreatic injury, the effects of ethanol and its metabolites on isolated pancreatic acinar cells have been examined. Acinar cells catabolize ethanol and produce acetaldehyde and fatty acid ethyl esters, both of which are cytotoxic. 63) Ethanol enhanced the caerulein-induced activation of trypsin inside the acinar cells, 64) which is a critical event in acute pancreatitis. However, the effective doses of ethanol in the studies were over 30 mM. This concentration of ethanol in the blood could be found when 5 pints of beer were ingested in 1.5 hours, 65) which may not reflect normal drinking conditions. 66) Thus, the direct toxic/metabolic effect of high doses of ethanol on pancreatic acinar cells may underlie the pathogenesis of alcoholic acute pancreatitis. However, that effect may not be related to chronic pancreatitis, because there is no known threshold dose of ethanol that induces chronic pancreatitis. 67) Patients drinking small quantities of ethanol (1-20 g per day) run an even higher risk of developing chronic pancreatitis. A recent study revealed that ethanol doses as low as 10 mM induced Ca 2+ release from intracellular stores in acinar cells, while the elevation of intracellular Ca 2+ concentrations ([Ca   2+ ] i ) was prevented by calmodulin in intact cells. 68) The objective effects of ethanol on the central nervous system (CNS) appear at ~5 mM of the blood ethanol level. Those effects are attributed to the modulation of several neurotransmittergated ion channels in CNS neurons 69) and are characterized by the cutoff effect (potency increases with an increasing alkyl chain length of n-alcohol up to a point but then disappears with a further increase in chain length). 70) In our previous study, we examined the direct effects of ethanol on a concentration range (0.1-30 mM) relevant to normal drinking conditions upon fluid secretion by interlobular ducts isolated from guinea-pig pancreas ( Fig. 8A and B) . 14) Ethanol fig. 8 Effects of low concentrations of ethanol and other n-alcohols on fluid secretion and intracellular Ca (Fig.  8C and D) . 71) The presence of such a cutoff effect suggests that ethanol directly modified the activity of some ion channels/transporters in pancreatic duct cells. Their target would be plasma membrane a Ca 2+ channel, but some other ion channels/transporters may be affected. Concerning the pathogenesis of alcoholic chronic pancreatitis, the ductal fluid hypersecretion by ethanol may raise the intraductal pressure when the flow of pancreatic juice is blocked by the presence of highly viscous juice or protein plugs (Fig. 8E) .
GLUCOSE TRANSPORT BY PANCREATIC DUCTS
The glucose concentration in human pancreatic juice (0.5-1 mM) is much lower than in plasma. 72) We have recently shown that rat interlobular pancreatic ducts express Na + -glucose cotransporter (SGLT1) and glucose transporter (GLUT1 and GLUT2) (Fig. 9A) , and absorb luminal glucose iso-osmotically ( Fig. 9B and C) . 73) The absorption of luminal glucose was abolished by phlorizin, an inhibitor of SGLT1. Under a physiological condition, the pancreatic duct epithelium probably absorbs luminal glucose via apical SGLT1 to maintain the glucose concentration at a low level in the pancreatic juice.
Pancreatic exocrine dysfunction is frequently found in patients with type-I (insulin-dependent) and type-II (noninsulin-dependent) diabetes mellitus (DM). Both enzyme secretion from acinar cells and fluid/HCO 3 -secretion by duct cells are impaired. 74) It was reported that high glucose activates the polyol metabolism in Capan-1 pancreatic duct cells, which results in a decrease in the Na + ,K + -ATPase. 75) The resultant elevation of [Na + ] i would attenuate the Na + gradient across the basolateral membrane, which reduces HCO 3 -uptake via Na + -coupled transporters at the basolateral membrane, i.e., Na + -HCO 3 -cotransporter and Na + -H + exchanger. SGLT1 activity in the apical membrane may also be involved in the high glucose-induced decrease of ductal secretion.
73 
CYSTIC FIBROSIS AND CFTR-RELATED DISEASE OF THE PANCREAS
Cystic fibrosis (CF) is an autosomal recessive hereditary disease caused by the mutations in CFTR. More than 1800 different mutations have been reported to the Cystic Fibrosis Mutation Database (www.genet.sickkids.on.ca/cftr). The incidence of CF and the spectrum of CFTR mutations vary considerably among ethnic groups. CF is the most common hereditary disease in Caucasians (one in 2,500-3,500 newborns), while it is very rare in Asian countries with the incidence in Japan being ~3 per million. 76, 77) The major mutation F508del (found in 70% of CF chromosomes) has rarely been found among Japanese.
CFTR functions as a cyclic AMP-regulated anion channel in the apical membranes of various epithelia. The loss of function due to severe mutations in both alleles accounts for the typical/classic CF characterized by dehydrated, thick, viscous luminal fluid/mucus in the respiratory and gastrointestinal tract, pancreatic duct, and vas deferens. Such lesions are also called "mucovisidosis." "Cystic fibrosis" derives its name from the pathology of pancreatic lesions: intra-and interlobular fibrosis, obstruction of small ducts with viscid secretions and cellular debris, and multiple cysts. CFTR mediates Cl -absorption via sweat ducts and the elevated sweat Cl -concentration has become the gold standard for CF diagnosis. A compound heterozygote of severe and mild mutations (5~50% of CFTR function remained) poses a risk for developing atypical/non-classic CF, which involves the dysfunction of a single organ such as idiopathic chronic pancreatitis, male infertility due to congenital bilateral absence of the vas deferens, bronchiectasis, and nasal polyposis. They are also called CFTR-related diseases.
78) Although CF is rare among the Japanese, certain cases of chronic pancreatitis in Japanese patients showed high levels (≥ 60 mM) of sweat Cl -, suggesting a dysfunction of CFTR. 79, 80) Two haplotypes, M470V-Q1352H and M470V-R1453W, were associated with idiopathic chronic pancreatitis. 81) Primary sweat (containing ~150 mM NaCl) is produced by the secretory coil with adrenergic stimulation. Cl -is re-absorbed via CFTR, while the primary sweat flows through the sweat ducts. Because the water permeability of the sweat duct epithelium is very low, the final excreted sweat is hypo-osmotic (containing 20-30 mM NaCl in healthy subjects) (Fig. 10) . 82) Measurements of Cl -concentration in the sweat excreted from forearm skin after stimulation with pilocarpine iontophoresis is the standard method for estimating sweat Cl -levels. Though pilocarpine iontophoresis is not readily available in Japan, it can be replaced by the "finger sweat chloride test". 80) This method is based on the observation that sweat rates of the right and left fingers were almost identical. 83) Sweat electrolytes are collected from one thumb while the sweat rate of the other thumb is measured by a perspiration meter (Fig. 10B) . A significant correlation was found between sweat Cl -concentrations and age in healthy subjects. 84) CONCLUSION AND REMARKS Transepithelial HCO 3 -transport is not only important for pancreatic juice secretion and the digestion of nutrients but also plays a key role in maintaining the proper mucosal defense (immune system and ciliary movement) in the gastrointestinal and respiratory tracts. The active transport of HCO 3 -across epithelia induces water movement, which maintains the water content and neutral pH of the mucus layer. The isolated interlobular pancreatic duct retains cAMPregulated vectorial HCO 3 -transport, thus providing useful experimental models for studying the cellular mechanisms of HCO 3 -secretion by native polarized epithelia. 
